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Abstract 
Fatigue, induced by vibrations of supporting structures, is one of the major cause of mechanical failures of equipment mounted 
on vehicles and on machines. Account of vibration excitation should therefore be considered with care when designing new 
equipment. 
 
Equivalent damage methods developed in the 80’s for the design of armament equipment are firstly presented in the paper. These 
methods allow to convert complex time vibration signals representative of in-service vibrations of the supporting structure into 
simple Gaussian or Sine signals, easy to handle for defining equipment specifications and qualification tests. 
 
Then, the interest of these methods for the design of railway equipment is discussed. The IEC 61 373 standard dealing with 
qualification of railway equipment to train vibrations is assessed in the light of the equivalent damage methods. Some weak 
points of the standard are pointed out and recommendations for standard updating are given to conclude the paper. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of CETIM. 
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1. Introduction 
Fatigue related to vibrations of supporting structure is one of the major mechanical damage process of equipment 
mounted on running products such as cars, trucks, trains, planes, armament structures and machines. 
The V-cycle design approach shown on figure 1 provides an efficient way to put vibration fatigue under control. 
At first, a relevant description of in-service vibrations generated by supporting structures should be collected (top 
right end of the V). Then, clear and unambiguous specifications should be written and communicated to the 
equipment maker (top left end of the V).  
© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of CETIM
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Specifications should cover design and qualification stages by defining vibration loadings as input to be applied 
for numerical models (design) and for test bench qualification of equipment prototypes. 
In the present paper, focus is applied on the process allowing to derive robust and easy-to-read specifications 
from a detailed know-how of in-service vibrations (horizontal arrow of figure 1).  
At first, ‘equivalence damage methods’ for vibration fatigue of equipment, developed in the 80’s for the 
armament industry are recalled. 
Then application of these methods for railway equipment is presented. The robustness of IEC 61373 standard in 
the light of these methods is then discussed and assessed. 
Some suggestions for the updating of this standard are then proposed as a conclusion. 
 
 
 
Fig. 1. V – cycle for equipment design applied to vibration fatigue 
 
2. Overview of equivalent damage methods for vibrations  
The equivalent damage method have been developed for tailoring design specifications for equipment subjected 
to vibrations from supporting structures [1], [2] and [3].  The method is based on the following assumptions: 
• inertial stresses induced in the equipment by vibrations of supporting structures are supposed to be 
predominant over other stresses such as pre-stress related to construction or to mounting process, or thermal 
stress, so that for a given frequency, internal stresses are proportional to acceleration levels applied by 
supporting structure, 
• the dynamic behavior of the supporting structure is not affected by the equipment, i.e. the presence of 
equipment does not change significantly the dynamic behavior of the structure, 
• the equipment dynamic behavior is reasonably linear, 
• stresses remain in elastic domain (stresses below the yield stress limit -  polycyclic fatigue). 
 
The process (Figure 2) starts with a measured time signal, representative of actual vibrations on operating 
structure and ends with ‘equivalent signal’ in terms of fatigue that will be played on a test bench or injected in a 
numerical model. Two test types are usually considered: ‘functional’ tests aiming at demonstrating functionality 
during operating conditions, and ‘accelerated’ or ‘long life’ tests aiming at testing the effective robustness of the 
equipment with respect to operating life. 
In practice, ‘equivalent signal’ are often determined as a Gaussian random-time signal defined by its Power 
Spectral Density (PSD), or by a swept-sine signal, or by a combination of both types of signals. Focus is given here 
on Gaussian random-time signal, which is the most adapted signal for a railway environment. 
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Figure 2: overview of process 
 
2.1. Fatigue Damage Spectrum and Iso-damage PSD 
This paragraph details the process to build a random time acceleration signal defined by its Power Spectral 
Density that generates the same damage as the measured time signal.  
The first step (see Figure 3) is based on Biot single degree of freedom (SDOF) assumption [4]. The equipment is 
assumed to respond like a single degree of freedom damped mass/spring system. By sweeping the natural frequency 
of this SDOF model, and computing the model response to the measured time signal, Response Spectra can be 
obtained. Biot used this method to elaborate what is now called the Shock Response Spectrum (SRS). The time 
signal is in this case a shock, and the maximum response value of the SDOF tuned at sweeping frequency is 
extracted to generate the SRS.  
In the case of a random vibration time signal instead of a shock, the spectrum is called the Extreme Response 
Spectrum ERS (Figure 4, right graph). 
 
With the same SDOF model response, it is possible to count stress cycles of the spring and evaluate a relative 
damage of the spring using Miner’s law, for each natural frequency (see Figure 3 from [4]). This generates a relative 
Fatigue Damage Spectrum (FDS), as presented in Figure 4. This spectrum indicates the relative damage that would 
be undergone by the equipment, depending on its main natural frequency. 
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Figure 3: Shock response spectrum and fatigue damage spectrum calculation from a time signal 
 
  
Figure 4: Shock response spectrum and fatigue damage spectrum  
 
Lalanne [2], derived a mathematical expression linking the FDS to a random acceleration PSD. This relation is 
used in the last step of the process to generate the equivalent damage PSD for a given exposure duration (also called 
here the iso-damage PSD). This PSD is the Power Spectrum of a random Gaussian signal of supporting structure that 
would induce the same damage on the equipment than the reference time signal, for a similar duration. 
The above process is available in several commercial softwares - see [5],  
This processing of the reference time signal requires the knowledge of two material properties of equipment 
structure:  the slope of the S-N curve [6] and an estimation of the damping of main structure modes. 
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2.2. Generation of PSDs for accelerated test 
For an accelerated test, the full life duration is reduced to a short test of a few hours – typically 120 to 5 hours. To 
do so, the PSD levels obtained in the previous step for the same duration as the initial signal, are amplified by a 
factor which is calculated based on the S-N curve slope of the material (or piece of assembly as in Eurocode 3 [7]). 
Assuming a unique slope ‘-1/b’ of the Wöhler curve of the piece of study, the ‘amplification’ or ‘time reduction’ 
factor is expressed by equation (1) for the Power Spectral Density and by equation (2) for the RMS value of support 
acceleration: 
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where: 
Gaccelerated is the acceleration PSD level for each frequency band, for the specification of accelerated test with 
associated duration Taccelerated, and Aaccelerated is the corresponding overall RMS value. 
Greal is the acceleration PSD level for each frequency band, of the equivalent damage PSD obtained from the 
reference in-service time signal with associated equipment life duration Treal. Areal is the corresponding overall RMS 
value. 
In practice the measured time signal is short (few minutes to few hours), and is repeated several times in order to 
obtain the full life duration and the associated iso-damage PSD. 
The whole iso-damage PSD is hence multiplied by this amplification factor, as illustrated on Figure 5. 
 
 
Figure 5: Example of reference PSD and of amplified PSD for accelerated test 
 
Precautions  
The use of amplified PSD for test duration reduction is subjected to the assumption of equivalent damage process 
between the in-service life and the simulated long life tests (i.e. polycyclic fatigue domain), as illustrated in Figure 6. 
In particular, the process with increased acceleration should not generate any plastic deformation (case 2).  
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Case 1: Linear/polycyclic domain 
The increased levels (green) stay in the polycyclic 
domain as the operating levels (black) 
 
Case 2: Non linear domain 
The increased levels (red) are out of polycyclic domain 
unlike the operating levels (black) 
Figure 6: illustration of time reduction 
The reduction factor of 1/1000 to 1/10 000 from the fatigue limit (108 cycles) to the linear domain limit (104-105 
cycles) gives indicative amplification threshold for the amplitude of accelerated test signal, see table 1.  Several 
values are considered for the b coefficient of the S-N curve: a value of 4 typical for steel welding or for electronics 
components, a value of 7 typical for plain steel or aluminium and a value of 12, typical for rubber. 
For plain steel, it is advised not to exceed a ratio of 2.5 to 3, between accelerated and functional RMS amplitudes 
whereas amplifications reaching 5 to 10 can be considered for welded structures. 
 
     Table 1. Maximum amplification factor of RMS acceleration value for accelerated tests. 
 
Weld 
Or elctronics  
Plain steel or 
aluminium Rubber 
b  4 7 12 
From 108 to 105 cycles 5.6 2.7 1.8 
From 108 to 104 cycles 10.0 3.7 2.2 
 
  
x Amplification factor x Amplification factor 
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3. Specification of railway equipment to vibrations 
A great number of equipment pieces are mounted on trains such as main line, metro and tram vehicles.  
All pieces of equipment should support vibrations induced during the 30 to 40 years of train operations. Train 
vibrations are mostly generated by the wheel/rail interaction process.  
3.1. Presentation of IEC 61373 
The first version of the IEC 61373 standard has been published in 1998 and then in 2000 [8]. An updated version 
of this standard has been issued in 2010. This standard aims to support train and equipment makers to qualify their 
product to in-service vibrations. 
This standard have been built from in-service measured time signals. It proposes experiments to qualify the 
design of railway mounted equipment. Functional PSD spectra given by the standard are also used as input loadings 
for design simulations. 
Equipment are located on coaches (category 1 – HVAC, transformers, power modules…), or on bogies (category 
2 – electrical motor, braking system, antennas…) or on axles (category 3 – odometers, electric power returns…) – 
see figure 7. 
 
Figure 7: definition of categories according to equipment position [IEC 61373] 
Three test types are considered to qualify the equipment under study:  
x Functional tests, based on PSD representations, 
x Simulated long life tests (fatigue design), based on PSD representations, 
x Shock tests (rare events), based on half-sine shaped time signals. 
The shock tests are not reviewed in this paper.  
3.1.1. Functional tests 
The functional tests are based on random vibration excitations with levels representative of those encountered on 
rolling stock during operating life. The objective is to prove that the equipment will work correctly in normal 
operating conditions. The test should be run during at least 10 min. The chosen test duration should ensure that the 
functionality is demonstrated. 
The random vibration excitations are derived from measured time signals, acquired by about 20 train operators 
throughout the world. Frequency and statistical analyses were performed on the measured data in order to define 
template acceleration spectra (PSD envelops, referred as ASD in the following text). 
The process is illustrated on figure 8. 
During the test on an appropriate test bench, the assumption of Gaussian signal is made to reproduce the template 
ASD in time domain. The crest factor of the generated time signal must be at least 2.5. 
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Figure 8: scheme of template definition for functional levels of random vibration excitations (the time signal and ASD are given as examples) 
3.1.2. Simulated long life  
This mechanical performance test also uses fatigue random vibration excitations. The objective is to prove that 
the equipment is resistant enough to sustain mechanical solicitations during the whole operating life of the vehicle.  
The random vibration excitations are equal to the functional level excitations multiplied by the amplification 
factor defined in section 2.2. 
An amplification factor of 7.83 for all equipment is defined by IEC 61 373. This value is obtained from equation 
(2) by considering the following values: 
x Damage is occurring in the polycyclic area with an S-N curve slope of - ¼ (i.e. b = 4), typical for welded 
area or for electronic components, 
x Reference life = Treal = 25% of service life = 25% * 25years * 300days/y * 10h/day=18 750 h 
x Simulated long life test = Taccelerated = 5 hours. 
 
With these assumptions, the amplification factor in version 2000 of the IEC is be defined as:  
ܣ݉݌݈݂݅݅ܿܽݐ݅݋݊݂ܽܿݐ݋ݎ ܣ௔௖௖௘௟௘௥௔௧௘ௗܣ௥௘௔௟ ൌ ൬
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൰
ଵ ௕Τ
ൌ ͹Ǥͺ͵ 
   (3) 
N.B.: Version 2010 specifies a factor of respectively 3.78 for cat 3 (axle mounted equipment) and 5.66 for 
categories 2 and 1 (bogie and coach mounted equipment). Both factors are less conservative than 7.83, and hence not 
considered here.  
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3.2. Assessment of IEC 61373 – 2000 version 
For each excitation type (functional and simulated long life), the assumptions are reviewed and discussed based 
on VIBRATEC’s own experience (more than 100 measurement campaigns under operating conditions on equipment 
on-board railway vehicles). Some elements on IEC 61 373 assessment can also be found on reference [9].   
3.2.1. Review of functional tests 
Discussion of the Gaussian signal assumption for frequency domain approach  
 
The functional tests of IEC 61 373 are based on random excitations derived directly from the time signals. The 
use by the IEC of classical PSD derived from time signal, implicitly states that the initial time signals are stationary 
and Gaussian. However, acceleration signal related to wheel/rail interaction are always very far from Gaussian, with 
peak ratio of up to 30 (peak ratio is defined by the ratio between max value and averaged RMS value of the 
acceleration record). 
A typical illustration of the influence of the Gaussian assumption on functional test amplitude is given on figure 
9. The blue spectra is the simple acceleration PSD (or ASD) processed from recorded time acceleration whereas the 
red spectra is the ‘iso-damage’ PSD built with the equivalent damage method presented in section 2. The iso-damage 
PSD is about 4 times above the simple acceleration PSD, indicating that the post-processing method applied in IEC 
61 373 is not conservative. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In red: PSD calculated from 
FDS (Fatigue damage 
spectrum) 
Parameter FDS Q=10 
Wöhler slope b=4 
 
 
In blue: average PSD in 
(m/s²)²/Hz 
Parameters PSD: linear average 
2048 lines 
Hanning, 67% overlap 
 
Figure 9: Axle box - Direction Z. Functional test: comparison between the time signal PSD (blue) and the ‘iso-damage’ PSD. S-N curve slope of 
‘- 1/b’ with b=4, Q =10. 
 
In order to quantify the effect of the Gaussian assumption for railway equipment, several axle and bogie 
acceleration records are analyzed. Results shown in terms of ratio between the RMS value of the ‘iso-damage’ PSD 
and the RMS value of ‘simple’ frequency PSD are presented on table 2.   
For all directions and for axle and bogie mounted equipment, the simple PSD approach retained by IEC 61 373 
underestimate the effective RMS level of the ‘iso-damage’ PSD by a ratio 2. 
 
 
Frequency [Hz] 
g²/Hz 
RMS [20-500 Hz]: 34 m/s² 
RMS [20-500 Hz]: 17 m/s² 
723 A. Coulon et al. /  Procedia Engineering  133 ( 2015 )  714 – 725 
Table 2: Calculated RMS ratios between ‘iso-damage’ PSD and simple PSD of time signal 
for a S-N curve of slope -1/b, with b = 4 
 
Vertical  
Z direction 
Transversal  
Y direction  
Longitudinal  
X direction 
Axle 
[0-500] Hz 
2.1 2.0 2.1 
Bogie 
[0-250] Hz 
2.6 1.8 1.9 
3.2.2. Simulated long life tests 
A discussion of three basic assumptions taken for the determination of ‘long life’ tests is proposed here: the 
selection of b = 4 value, the selection of a 18 750 hours reference life duration and the selection of a 5 hours long life 
test duration. 
The b = 4 value, taken for the determination of the 7.8 factor, is an averaged value for the steel welded areas, 
which usually has two coefficients b of 3 and 5 respectively. The b = 4 value is a reasonable assumption as long as 
weakest components in the equipment are welded parts and electronic devices. In practice, this assumption covers 
most situations met on railway equipment.  
However, the b value should be adapted for steel or aluminium structure without welding (b = 7). Furthermore, 
specific attention should be paid to equipment suspended with rubber mounts, since a high values of b is related to 
rubbers (typically from 10 to 15). In this case, the amplification factor determined from a b = 4 value is far too 
severe for the rubber parts (see calculated reduction factor from equation (3) in table 3). 
 
Table 3: Comparison of reduction factor for S-N curves with different slopes 
 Weld  
Plain steel, cast-in 
iron or aluminium 
Rubber 
b coefficient  
of the Wohler SN slope 
4 7 12 
Amplification factor  
for 5h duration test 
7.8 3.2 2.0 
Equivalent ref. time life for 
 a 7.8 reduction factor 
25 years >1000 years >1000 years 
 
 
The chosen service life is 25% of 25 years, resulting in 18 750 h, should also be questioned since no convincing 
assumption can be put forward to account for the 25% and since many contracts nowadays specify 30 to 40 years 
reference life durations. 
Effective values of amplification factor for several reference life are given in table 4. This table shows that the 7.8 
value proposed by the IEC standard, is rather low, in case of a 40 years life. 
Depending on the situation, the appropriate life duration N should be taken as the reference instead of the 
18 750 h. 
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Table 4: Amplification factor vs reference life duration 
 
 Weld  
Plain steel or 
aluminium Rubber 
b  4 7 12 
From reference life of  
25% of 25 years to 5h 
7.8 3.2 2.0 
From reference life of 40 
years to 5h 12.4 4.2 2.3 
From reference life of 40 
years to 20h 8.8 3.5 2.1 
From 108 to 105 cycles 5.6 2.7 1.8 
From 108 to 104 cycles 10.0 3.7 2.2 
The relevance of a 5 hours ‘long life’ test duration is assessed by comparing the amplification factor to the 
threshold values defined in section 2.2 and recalled on the 2 last lines of table 4. These thresholds are always 
exceeded for a reduction to 5 hours of a 40 years reference life. A 20 hours long life test duration seems more 
appropriate to stay in the polycyclic domain. 
 
 
4. CONCLUSIONS 
The parallel made here between ‘equivalent’ damage methods and IEC 61 373 shows that this standard has been 
built without account of the know-how provided by these iso-damage methods.  
As a consequence, the standard robustness is not ensured for some cases, and mechanical failures effectively 
occur on equipment that have successfully gone through the IEC 61 373 long life test. These conclusions are all the 
more true for the 2010 version of the standard which is less conservative than the 2000 version which has been 
assessed here. 
This standard should therefore be revised in order to increase its robustness by introducing the equivalent damage 
know-how developed, and currently used in other industrial fields such as automotive industry.  
The following improvements should be considered for an updated version:  
x Account of equivalent damage post-processing methods for determination of functional PSD, 
x Account of effective life defined by the railway operator for the definition of the amplification factor for the 
‘long life’ tests. 
x Consider an increase of ‘long life’ qualification tests from 5 hours to possibly 20 hours, in case of too high 
amplification factors that can lead the tested prototypes outside the polycyclic domain. 
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